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Abstract
In this study, the temperature (T ) dependence of speciﬁc heat (Cp) is investigated in an equi-
lateral triangular spin tube CsCrF4 above T = 0.38 K under several magnetic ﬁelds (B). At
B = 0 T, no λ-type anomaly of the temperature dependence [Cp(T )] appears over the entire
temperature range. However, the DC and AC magnetic susceptibilities exhibit a small anomaly,
which is interpreted as an antiferromagnetic phase transition at TN∼4.5 K. This diﬀerence may
indicate that the large magnetic entropy at B = 0 T is spent far below TN, because a large
ﬂuctuated spin state due to geometrical spin frustration may have occurred at T = 0 K. Un-
der diﬀerent magnetic ﬁelds, the Cp(T )/T curves present shoulders and/or broad peaks above
B = 1 T. The electronic speciﬁc heat coeﬃcient decreases with increasing B indicating that
the magnetic ground state consists of an antiferromagnetic ordered state with large spin ﬂuctu-
ations, rather than a gapless spin-liquid state, and their ﬂuctuations are sensitively suppressed
by the magnetic ﬁelds.
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1 Introduction
Triangular spin tubes have attracted signiﬁcant attention, because spin ﬂuctuations in one-
dimensional Heisenberg antiferromagnets along the tubes coexist with geometrically frus-
trated spin systems in the triangular plane. Exotic ground states including a vector-
chiral long-range ordered state and a gapless or gapped spin-liquid state are theoretically
expected[1, 2, 3, 4, 5]. Alternatively, a candidate compound for twisted Heisenberg triangular
spin tubes, [(CuCl2tachH)3Cl]Cl2, was experimentally studied[6, 7, 8, 9]; however, the ground
state is still obscure because of the complex superexchange paths. We discovered that CsCrF4
forms an ideal equilateral triangular spin tube with S = 3/2[10, 11]. All Cr ions are located
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Figure 1: (a) Temperature (T ) dependence of the DC magnetic susceptibility (χDC). The
broad χDC(T ) peak appears at Tmax  60 K. Since the χDC(T ) curves for the FC and ZFC
data overlap above 10 K, the ZFC data are omitted in the main panels. The inset displays
the lower-temperature region. The deviation temperature between the FC and the ZFC data
is deﬁned as TN. (b) Temperature dependence of linear (X
′
0) AC magnetic susceptibilities at
various frequencies. The X ′0 peaks become smaller with a decreasing frequency, and no X
′
0(T )
peak appears at f = 31 Hz. The inset shows the temperature dependence of the nonlinear (X ′2)
AC magnetic susceptibility at f = 977 Hz.
at equivalent atomic positions, and each angle in the Cr-Cr-Cr triangle is 60◦. Because the
superexchange interactions through the three Cr-F-Cr paths in each equilateral triangle may
be kept in equilibrium at 0 K, the existence of resonating spin-singlet pairs is proposed in each
equilateral triangle[11].
The DC magnetic susceptibility (χDC) for CsCrF4 from 2 K to 350 K was measured. The
ﬁeld cooling (FC) and the zero ﬁeld cooling (ZFC) data were collected after applying magnetic
ﬁelds (B) at T = 350 K and 2 K, respectively. Figure 1(a) shows the temperature dependency
of χDC. A broad χDC(T ) peak indicates that a one-dimensional Heisenberg antiferromagnet
appears at Tmax  60 K. When the experimental 1/χDC(T ) data above 250 K are ﬁtted to
the Curie-Weiss law, the Weiss temperature (ΘCW) and the eﬀective magnetic moment are
estimated at −145(3) K and 4.00(3) μB, respectively. A slight deviation between the FC and
ZFC data appears below ∼4.5 K [Fig. 1(a)]. Furthermore, linear (X ′0) and non-linear (X ′2)
AC magnetic susceptibility measurements were performed on CsCrF4[12]. The X
′
0(T ) curves
above f = 31 Hz show small and positive peaks at T  4 K, but no anomaly of X ′0(T ) appears
at f = 31 Hz [Fig. 1(b)]. Therefore, the frequency of the critical spin dynamics decreases
to f  31 Hz. In addition, the X ′2(T ) curve at f = 977 Hz exhibits a small and negative
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peak at T ∼ 3 K. The X ′0(T ) and X ′2(T ) peaks for CsCrF4 are very broad as compared to
the peaks for an isomorphous triangular spin tube α-KCrF4[12]. We suspect that because the
frustration factor is very large: f(Θ) = |ΘCW|/TN ∼ 32, the spin dynamics change gradually
from the paramagnetic state at a high-temperature region to a slowly ﬂuctuating spin state
without a typical antiferromagnetic long-range order, rather than a resonating state consisting
of spin-singlet pairs at TN ∼ 4.5 K. Based on the temperature dependence of the speciﬁc heat
(Cp) measurements above 1.5 K, no anomaly appears in the Cp(T ) curve, and the T -linear
component of Cp(T ) is placed between temperatures 1.5∼3.5 K[10, 11]. Thus, a large magnetic
entropy is possibly spent far below TN[12]. In this study, speciﬁc heat measurements were
performed above 0.38 K under diﬀerent magnetic ﬁelds to clarify the T -linear component below
1.5 K and the change in the magnetic ground state with large spin ﬂuctuations against external
magnetic ﬁelds.
2 Experimental results and discussion
We measured speciﬁc heat (Cp) using the conventional adiabatic method under zero magnetic
ﬁeld above 1.5 K[10, 11]. A ﬁrst-order phase transition, such as a structural phase transition,
can be detected by the adiabatic method but not by the relaxation method. To conﬁrm the
magnetic phase transition below 1.5 K, we measured the Cp(T ) using the conventional relax-
ation method at several magnetic ﬁelds toward T = 0.38 K. Figure 2 shows the Cp(T )/T curves
under zero magnetic ﬁeld. Above 1.5 K, the data obtained by both the adiabatic and the
relaxation methods agreed well with each other, and no λ-type anomaly that would indicate
an antiferromagnetic phase transition appeared above 0.38 K. In a previous report using the
adiabatic method, we found that the experimental data between temperatures 1.5∼3.5 K coin-
cided with the data based on the equation Cp(T ) ≡ γT +AT 3[11]. Consequently, we obtained
A = 5.2 mJ/(mol · K4) and γ = 7.8 mJ/(mol · K2). In the previous report, we concluded
that the gapless spin-liquid state was realized because γ = 0. However, as can be seen in Fig.
2, the Cp(T )/T curve rapidly increased with a decreasing temperature below 1 K. Therefore,
it is necessary to re-estimate the value of γ using the experimental Cp(T )/T data under zero
magnetic ﬁeld between temperatures 0.38∼3.5 K. Since the T -linear term is diﬃcult to subtract
from the Cp(T )/T increase, if the electronic speciﬁc heat coeﬃcient (γ) is deﬁned as the value
of limT→0K Cp(T )/T , then γ > 100 mJ/(mol · K2). This value may indicate the coexistence
of geometrical spin frustration in each equilateral triangle with a large spin ﬂuctuation derived
from the one-dimensional Heisenberg antiferromagnet along the tubes. However, a study of
an insulator with S = 1/2 compounds consisting of kagome´[13, 14] and triangular[15] lattices
provided values of γ between 0 ∼ 40 mJ/(mol ·K2). Thus, the value of γ > 100 mJ/(mol ·K2)
in CsCrF4 may be overestimated. Assuming that the Cp(T )/T increase is attributed to a
Schottky-type anomaly, we ﬁtted the experimental Cp(T ) data at B = 0 T to the following
equation:
Cp(T ) = γT +AT
3 +NAkB
(
ε
kBT
)2
· 1
[2 cosh(ε/2kBT )]2
, (1)
where ε represents an energy gap. We obtained A = 5.1(2) mJ/(mol·K4), γ = 15.6(2) mJ/(mol·
K2), and ε/kB = 24.2(2) mK (inset in Fig. 2). The coeﬃcients of the lattice part, A, obtained
through diﬀerent analyses were in good agreement. The value of γ was similar to the values
for other spin frustrated magnets, although it was twice as large as the one obtained by the
adiabatic method using the T -linear term between temperatures 1.5∼3.5 K[11].
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Figure 2: Temperature dependence of the speciﬁc heat divided by the temperature (Cp(T )/T )
under zero magnetic ﬁeld in CsCrF4 using the conventional adiabatic method (open circles) and
the relaxation method (closed circles). Both data agree well with each other. The Cp(T )/T
values exhibit a monotonic decrease with a decreasing temperature above T = 1 K, but the
values increase rapidly below 1 K. The inset shows the best-ﬁt curve applying Eq. (1) to the
experimental Cp(T )/T data between temperatures 0.38∼3.5 K, as expressed by the dashed line.
To suppress the large spin ﬂuctuation in CsCrF4 by applying external magnetic ﬁelds, we
further performed Cp(T ) measurements up to B = 3 T. Figure 3(a) shows the Cp(T )/T curves
for CsCrF4 under diﬀerent magnetic ﬁelds. A large increase in Cp(T )/T at B = 0.5 T appears
instead of that at B = 0 T. Conversely, above B = 1 T, shoulders and/or broad peaks appeared,
and the peak temperatures increased slightly with increasing magnetic ﬁelds. In addition, the
magnetic entropy spread over a high-temperature region with increasing magnetic ﬁelds. When
the magnetic ﬁelds were applied, the spin ﬂuctuation was gradually suppressed, and the values
of the Cp(T )/T curves were approximately zero at T = 0 K. In contrast, the large magnetic
entropy at B = 0 T may have been spent below 0.3 K.
Theoretical calculations of the antiferromagnetic superexchange interactions in CsCrF4
were performed by Koo[16] and were found to be 2Jchain/kB = −39.0 K along the tube and
2Jrung/kB = −19.5 K in the triangular plane. Nishimoto et al. calculated a spin excitation
gap (Δ) in a triangular spin tube with S = 3/2 associated with a spontaneous dimerization
in triangular spins[17]. In the case of CsCrF4, we found Δ/kB ∼ 2 K from Fig. 4 in Ref.
17. However, since ε is very small compared to Δ, it is possible that ε corresponds to the
magnetic anisotropic gap derived from the magnetic dipole-dipole interaction. In CsCrF4, the
magnetic dipole-dipole interaction caused the easy-plane magnetic anisotropy, and the magnetic
anisotropic gap was estimated to be 0.2∼0.3 K. Moreover, the fourfold degeneracy of the 4F3/2
state |S = 3/2;Sz = ±3/2,±1/2〉 is split into the two states with twofold degeneracy [inset in
Fig. 3(b)]; the higher state |S = 3/2;Sz = ±3/2〉 and the lower state |S = 3/2;Sz = ±1/2〉.
When the magnetic anisotropic gap is assumed to be ε/kB = 24.2(2) mK, the Zeeman splitting
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Figure 3: (a) Temperature dependence of the speciﬁc heat divided by the temperature
(Cp(T )/T ) for several magnetic ﬁelds (B). (b) The best-ﬁt curves applying Eq. (2) in addition
to the T -linear and lattice contributions, Cp(T ) = γT + AT
3 + Cgap(T ), to the experimental
Cp(T )/T data between temperatures 0.38∼3.0 K, as expressed by the dashed lines. The inset
shows the schematic energy schemes of the 4F3/2 state when B is parallel to the c-axis.
at the B ‖ c-axis is expressed as the partition function,
Zgap = 1 + exp
(
−gμBB − ε
kBT
)
+ exp
(
−2gμBB − ε
kBT
)
+ exp
(
−3gμBB
kBT
)
. (2)
The Helmholtz free energy is Fgap = −kBT ln(Zgap), and the speciﬁc heat is Cgap =
−T (∂2Fgap/∂T 2)B . When magnetic ﬁelds are applied at B ≥ 0.5 T, the four eigenstates
are clearly removed irrespective of the directions of B, because ε/gμB 	 0.5 T. Although we
measured polycrystalline samples, the speciﬁc heat was numerically calculated using Eq. (2)
in addition to the T -linear and lattice contributions, Cp(T ) = γT + AT
3 + Cgap(T ), because
CsCrF4 is a nearly isotropic magnetic compound[11]. Since the lattice part is not inﬂuenced
by the magnetic ﬁelds, A is ﬁxed at 5.1(2) mJ/(mol · K4). Thus, we can easily subtract the
magnetic speciﬁc heat from the experimental Cp(T ) data. First, when this analysis was ap-
plied to the Cp(T ) curve at zero magnetic ﬁeld between temperatures 0.38∼3.0 K, γ = 16.0(2)
mJ/(mol · K2). The values of γ at B = 0 T obtained by the diﬀerent equations are in good
agreement. Consequently, Eq. (2) is valid for the analysis of the Cp(T ) curves at B ≥ 0.5 T.
Figure 3(b) shows an example of the best-ﬁt curves of the experimental Cp(T )/T data. There
is a large diﬀerence between the Cp(T )/T ﬁtting curves at B = 0.5 T and 3 T, and the large
magnetic entropy at B = 0.5 T is probably spent below 1 K, as compared to that at B = 3
T. If Eq. (2) remains valid toward T = 0 K, we can calculate the Cp(T )/T curves toward 0 K
under diﬀerent magnetic ﬁelds.
The magnetic entropy (Smag) is composed of the T -linear term (Sγ) and the Schottky-type
anomaly, which is attributed to ε and the Zeeman splitting gap (Sgap); i.e., Smag = Sγ + Sgap.
Under zero magnetic ﬁeld, the value of Smag is probably spent at 48 % of the total magnetic
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Figure 4: (a) Calculations of temperature dependence of the magnetic entropy divided by
R ln(2S + 1) with S = 3/2 under diﬀerent magnetic ﬁelds. The magnetic entropy (Smag) is
composed of the T -linear term (Sγ) and the Schottky-type anomaly, which is due to ε and the
Zeeman splitting gap (Sgap); i.e., Smag = Sγ + Sgap. The solid and dashed lines correspond to
Smag and Sγ , respectively. Below ∼3 mK, the Smag and Sγ lines deviate from the straight lines
because of the low accuracy of the entropy calculations in this region. (b) Various values for γ,
with B estimated by Eq. (1) (open circle) and Eq. (2) (closed circles). The dashed line enables
a graphical correlation.
entropy [R ln(2S+1) with S = 3/2] at 50 mK ( 2ε/kB) [Fig. 4(a)]. The value of Sγ is a straight
line, but less than 1 % is spent below 3.0 K. Therefore, almost the entire magnetic entropy is
taken up by Sgap below TN. As expected, the reason why no λ-type anomaly appeared at TN
was the existence of the large magnetic entropy far below TN. Conversely, the magnetic entropy
at B ≥ 0.5 T decreased drastically with increasing magnetic ﬁelds, and its change produced a
dramatic reduction of Sgap between B = 0 T and 0.5 T. The values of Sgap were spread over
a high-temperature region proportionate to the Zeeman splitting gap [Fig. 4(a)]. To discuss
the spin-ﬂuctuation eﬀect below TN, it is important to consider the values of Sγ and γ under
diﬀerent magnetic ﬁelds, because the magnetic entropy of the spin ﬂuctuation at T 	 gμBB/kB
is governed by Sγ .
Figure 4(b) shows the magnetic ﬁeld dependence of γ up to B = 3 T. The value of γ gradually
decreases with increasing magnetic ﬁelds, and its tendency is consistent with the decrease of Sγ .
If ε is a spin excitation gap, the Cp(T )/T curvature and the values of γ may drastically change
at the critical magnetic ﬁeld (B = ε/gμB) but the values of γ between B = 0 T and 0.5 T seem
to change continuously [Fig. 4(b)]. If a gapless spin-liquid spin state is realized, the values of
γ are robust against the small magnetic ﬁelds. Under zero magnetic ﬁeld in CsCrF4, the three
spins on each equilateral triangular plane are kept at equilibrium, and this spin state is very
similar to a gapless spin-liquid state owing to γ = 0[11]. However, its balance is lost because of
the external magnetic ﬁelds. Consequently, the value of γ gradually decreases with increasing
magnetic ﬁelds. It is possible that the decrease of γ indicates reduction of the spin ﬂuctuation
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in each equilateral triangular plane. We conclude that the magnetic ground state consists of an
antiferromagnetic ordered state with large spin ﬂuctuations, rather than a gapless spin-liquid
state. When magnetic ﬁelds are applied, the spin ﬂuctuation eﬀect decreases. Then, we expect
the ﬁeld-induced phase transition to occur at a certain magnetic ﬁeld corresponding to γ = 0.
3 Conclusion
In this study, we measured the temperature dependence of speciﬁc heat in an equilateral trian-
gular spin tube CsCrF4 above T = 0.38 K under diﬀerent magnetic ﬁelds. Under zero magnetic
ﬁeld, no λ-type anomaly appeared above T = 0.38 K, but the Cp(T )/T curve rapidly increased
with a decreasing temperature below 1 K. However, the DC and AC magnetic susceptibilities
reported a small anomaly, which was interpreted as an antiferromagnetic phase transition at
TN ∼ 4.5 K. This diﬀerence indicates that the antiferromagnetic ordered state with the large spin
ﬂuctuation in each equilateral triangular plane is realized below TN. To estimate the tempera-
ture dependence of the magnetic entropy, we attribute the Cp(T ) increase to a Schottky-type
anomaly, and then obtain γ = 15.6(2) mJ/(mol · K2) and ε/kB = 24.2(2) mK at B = 0 T.
The value of γ is similar to that for other spin-frustrated magnets, and the origin of ε may be
the magnetic anisotropic gap due to the magnetic dipole-dipole interaction. Consequently the
large magnetic entropy at B = 0 T is spent far below TN. When several magnetic ﬁeld values
are applied, the Cp(T )/T curves exhibit shoulders and/or broad peaks above B = 1 T. Based
on the splitting of the 4F3/2 state under diﬀerent magnetic ﬁelds, the values of γ were found
to decrease with increasing magnetic ﬁelds. This result indicates that the magnetic ground
state consisted of an antiferromagnetic ordered state with large spin ﬂuctuations, rather than
a gapless spin-liquid state, and their ﬂuctuations are sensitively suppressed by the magnetic
ﬁelds. In future, the temperature dependence of the speciﬁc heat will be measured at B > 3 T
to conﬁrm whether the ﬁeld-induced phase transition is attributed to γ = 0.
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